Abstract Regulation of DNA replication is critical, and loss of control can lead to DNA amplification. Naturally occurring, developmentally regulated DNA amplification occurs in the DNA puffs of the late larval salivary gland giant polytene chromosomes in the fungus fly, Sciara coprophila. The steroid hormone ecdysone induces DNA amplification in Sciara, and the amplification origin of DNA puff II/9A contains a putative binding site for the ecdysone receptor (EcR). We report here the isolation, cloning, and characterizing of two ecdysone receptor isoforms in Sciara (ScEcR-A and ScEcR-B) and the heterodimeric partner, ultraspiracle (ScUSP). ScEcR-A is the predominant isoform in larval tissues and ScEcR-B in adult tissues, contrary to the pattern in Drosophila. Moreover, ScEcR-A is produced at amplification but is absent just prior. We discuss these results in relation to the model of ecdysone regulation of DNA amplification.
Introduction
The steroid hormone 20-hydroxyecdysone (hereafter referred to as ecdysone) is the master regulator of insect development. It is involved in many of the developmental transitions which characterize insect development from the larval molts to metamorphosis and reproduction. The effects of ecdysone are mediated through its nuclear receptor, the ecdysone receptor (EcR), along with its heterodimer partner, the vertebrate RXR homologue, ultraspiracle (USP; Yao et al. 1992 Yao et al. , 1993 Thomas et al. 1993) , though in some cases USP is not needed (Costantino et al. 2008) . Additionally, there is crosstalk between the ecdysone pathway and other developmental regulatory pathways; for example, juvenile hormone may bind USP, downregulating EcR activity (Maki et al. 2004 ). In the absence of ecdysone, E75A represses the EcR gene and replaces EcR/USP at several chromosomal loci (Johnston et al. 2011) . Molecular chaperones assist the binding of the EcR-USP heterodimer to ecdysone response elements (EcREs; Arbeitman and Hogness 2000) located in the promoters of ecdysone-responsive genes, where it represses transcription in the absence of ligand Dobens et al. 1991) through the binding of a corepressor, SMRTER, which in turn recruits the Sin3/Rpd3 histone deacetylase complex (Tsai et al. 1999) . In addition, the arginine methyltransferase, DART1, is an EcR corepressor (Kimura et al. 2008) , and the co-repressor Alien can bind EcR (Dressel et al. 1999) . Upon ligand binding, the co-repressor complex is released, and transcriptional activators are recruited, inducing transcription from the locus. Although no histone acetyltransferases have been described to interact with the ecdysone receptor, the histone methyltransferases, CARMER and TRR, interact with the ecdysone receptor as co-activators (Sedkov et al. 2003; Cakouros et al. 2004) . Moreover, the ISWI-containing NURF nucleosome remodeling complex is required for ecdysone signaling (Badenhorst et al. 2005) .
Characterized extensively in Drosophila, ecdysone induces the expression of multiple mRNA-encoding genes in a variety of target tissues directing multiple developmental processes (Thummel 2002) . Ecdysone can also activate transcription of microRNAs that regulate development (Chawla and Sokol 2012) . The complex spatial and temporal responses induced by ecdysone raised the question of how a single hormone could affect the development of an organism in such a diverse manner. Observations of ecdysone-induced polytene chromosome puffing in Drosophila salivary glands led Ashburner et al. (1974) to propose a model in which ecdysone regulates gene expression through a molecular hierarchy. In this model, ecdysone complexes with a receptor to directly induce the expression of genes in the "early" puffs and repress the expression of "late" puffs. The products of early gene expression then act to repress "early" genes or induce "late" genes in a direct or indirect manner. Ashburner's model was extended to other Drosophila tissues when it was found that some of the "early" genes expressed in salivary glands were also expressed in a variety of other larval and imaginal tissues in response to ecdysone Thummel et al. 1990) . Upon this discovery, it was postulated that each target tissue expressed a different combination of "early" genes, perhaps due to the availability of different EcR proteins. Indeed, it has been found that Drosophila melanogaster expresses three distinct EcR isoforms (EcR-A, EcR-B1, and EcR-B2), which are expressed in a tissue and temporally specific manner with little functional redundancy (Koelle et al. 1991; Talbot et al. 1993; Bender et al. 1997) .
Targeted block and rescue experiments demonstrated that the different isoforms are required for the proper course of development in different tissues Li and White 2003; Davis et al. 2005) . Currently, EcR has been identified in over 40 other insect species including 11 species of Drosophila (Online Resource 1). USP genes have been identified in some 38 other insects including the 11 species of Drosophila (Online Resource 2).
The ecdysone receptor shares the common structure of the nuclear receptor superfamily including a highly variable N-terminal transactivation function domain (A/B domain), a central DNA-binding domain (DBD or C domain), ligandbinding domain (LBD or E domain) and a highly variable, and dispensable C-terminal domain (F domain) . Transcriptional activation functions are found in both the variable A/B domain (AF-1) and in the C-terminal region of the LBD (AF-2; specifically helix 12) ). In the EcR-A isoform, an inhibitory function (IF) is also found in the A/B domain, but this IF is absent in EcR-B1 and EcR-B2 (Mouillet et al. 2001) . AF-2 is an inducible transactivation domain common to nuclear receptors in general and is stimulated by the binding of ligand that causes a conformational change in the LBD, exposing an otherwise hidden surface for protein/protein interactions (Rachez et al. 1999) . In contrast, the AF-1 domain is thought to be constitutively active in a ligand-independent manner and shows considerable divergence among dipteran insects (Rachez et al. 1999; Hu et al. 2003) . The EcR isoforms exhibit considerable sequence variability within the N-terminal A/B domain, defining the various isoforms, suggesting that the domain plays a crucial role in coordinating the complex response of the target tissues during developmental transitions induced by ecdysone (Talbot et al. 1993) . How these differences in the A/B domain affect AF-1 function remain to be determined. Nonetheless, it is clear that the different EcR isoforms are needed for proper progression of development Davis et al. 2005) , indicating that isoform-specific functions are indeed found in this domain.
The role of ecdysone in promoting transcription has been extensively studied. However, recent observations have implicated ecdysone and the ecdysone receptor in the regulation of DNA replication as well. We have reported that ecdysone can prematurely induce DNA amplification in the late larval giant polytene chromosomes found in the salivary glands of the fungus fly, Sciara coprophila (Foulk et al. 2006) . During the last larval instar of Sciara development, the entire genome is endoreduplicated (to 8192C in females) to produce giant polytene chromosomes. Superimposed on the last endocycle, origins of replication at several discrete loci fire repeatedly, resulting in localized DNA amplification. It is thought that this is a developmental strategy to provide more template for the production of mRNA and proteins for genes that are needed in great abundance for the next stage of development (in this case, pupariation). Subsequent transcription from these amplified loci causes distension of the polytene chromosome resulting in gigantic "DNA puffs" (Poulson and Metz 1938; Rudkin and Corlette 1957; Gabrusewycz-Garcia 1964) , so called because they contain amplified DNA (Crouse and Keyl 1968; Rasch 1970; Glover et al. 1982; Wu et al. 1993) .
At the best studied locus at position 9A on chromosome II (II/9A), the DNA is amplified about 17-fold above the rest of the genome to produce just under 140,000 copies of the locus per nucleus . The II/9A locus contains two genes (II/9-1 and II/9-2), which are 85 % identical and encode secreted proteins that are likely incorporated into the pupal case (DiBartolomeis and Gerbi 1989) . Both genes contain EcREs in their promoters (Foulk et al. 2006) , and gene II/9-1 is inducible by ecdysone (Bienz-Tadmor et al. 1991) . The primary origin (ORI) for amplification at the II/ 9A locus was determined by two-and three-dimensional mapping techniques to reside within a ∼1-kb fragment Liang and Gerbi 1994) . Nascent strand abundance analysis demonstrated that the zone of initiation was broader at the II/9A locus during pre-amplification endocycles and mitotic DNA replication and was focused to the 1-kb ORI during amplification, coinciding with the loading of the transcription machinery at the promoter for gene II/9-1 (Lunyak et al. 2002) . The start site for leading strand synthesis during amplification was determined at the nucleotide level by replication initiation point (RIP) mapping to be directly adjacent to the binding site for the Origin Recognition Complex (ORC) (Bielinsky et al. 2001) . Interestingly, we have identified a potential EcRE (ORI EcRE) immediately upstream of the ORC binding site that can be bound by the Sciara ecdysone receptor (Foulk et al. 2006) .
The location of the ORI EcRE immediately adjacent to the ORC binding site strongly suggests the possibility that the Sciara ecdysone receptor proteins could interact directly with the replication machinery to promote DNA amplification in Sciara. In order to further study this possibility, we have cloned and characterized the EcR and USP genes from Sciara. We report here the cloning of two isoforms of ScEcR and a single isoform of USP and the mapping of their cytogenetic location by in situ hybridization to larval salivary gland polytene chromosomes. We have characterized their expression at the mRNA and protein levels through development and report on their relation to other EcR and USP sequences from other species. Finally, we present immunofluorescence on polytene chromosome squashes showing that ScEcR binds across the genome at multiple loci, including DNA and RNA puffs, consistent with its role as a general developmental regulator. Elucidation of the sequence of the Sciara ecdysone receptor provides a platform on which to build our understanding of how the receptor may function in developmentally regulated DNA amplification.
Materials and methods
Sciara maintenance and staging S. coprophila were reared in the laboratory at 21°C. Female fourth instar larvae were used for all the experiments described in this work because they have larger polytene chromosomes, having undergone one more endocycle. Late fourth instar larvae can be staged under a compound microscope by counting the number of pigment granules in the larval eyespots, the anlage to the adult eye. The developmental stage is expressed as the number of granules in the primary row times the number of the secondary row less one (GabrusewyczGarcia 1964; Wu et al. 1993 ) and includes PES (pre-eye spot), EES (early eye spot), 10x5, 12x6, 14x7, EE/DJ (edge eye/ dropped jaw), EP (early pupae), MP (mid-pupae), and LP (late pupae). II/9A amplification occurs at eyespot stages 10x5 and 12x6, while transcription and morphological puffing occur at stage 14x7 ).
Cloning of the ScEcR-A, ScEcR-B, and ScUSP genes cDNAs encoding ScEcR-A, ScEcR-B, and ScUSP were isolated using the SMART RACE kit (BD Biosciences Clontech, Palo Alto, CA, USA). Poly(A)+RNA was prepared from 413 pairs of frozen salivary glands dissected in Robert's CR buffer (87 mM NaCl, 3.2 mM KCl, 1.3 mM CaCl 2 , 1 mM MgCl 2 , 10 mM Tris-HCl, pH7.3) (Robert 1971 ) from female larvae of various stages (PES through EE/DJ) using the Dynabeads® mRNA DIRECT™ Kit (Dynal, Oslo, Norway). A fragment of 371 bp (EcR-DL), with boundaries at the conserved DNA binding and ligand binding domains of ScEcR, was generated using degenerate primers (EcR-D: TGYGARATGGACATGTAYATG and EcR-L: GGYTGYTCRTAICCITCYTG; I=inosine, R=A or G, Y=C or T) and was cloned into the pT7 Blue vector (Novagen, Darmstadt, Germany) and sequenced. The consensus sequence used to design the degenerate primers was generated by aligning the EcR amino acid sequences from Aedes aegypti, Chironomus tentans, D. melanogaster, and Manduca sexta. Using the sequence from EcR-DL, the primers 5′RACE EcR (5′-GGTAACCACCGATGGTGG-TATCTGCTG-3′) and 3′RACE EcR (5′-GGTATGCG GCCCGAATGCGTTGTACCGG-3′) were designed for use in 5′ and 3′ RACE reactions according to Clontech's instructions. Enrichment for specific 5′ and 3′ RACE products was accomplished by multiple rounds of nested PCR using the gene-specific primers EcR 5′-1 (5′-TGATTGCA-CATTGTGTTTCCGGTACAACGC-3′) and EcR 3′-1 (5′-AATACCATCACTGATGAAATGTGACCCACC-3′). These RACE products were cloned into the pCR 4-TOPO vector (Invitrogen, Carlsbad, CA, USA) and sequenced, yielding the full-length cDNA sequence.
To obtain the cDNA encoding ScUSP, an 819-bp fragment (USP 819) was generated with the degenerate PCR primers USP forward (5′-TACAGYTGYGARGGHT-GYAARGG-3′; H = A or C or T) and USP reverse 2 (5′-YKGCARTRBTCGTCCARRCA-3′; K = G or T) using the 5′ RACE ready cDNA generated with the SMART RACE kit as template. The primers 5′ RACE USP 2 (5′-GCCT CTCCTCTTGCACAGCCTCGCGTTTCATTCCACA-3′) and 3′ RACE USP 2 (5′-CCCAGATGGTTCGATAGATC GACGAGCACCGGTACG-3′) were designed using sequence from the USP 819-bp fragment for use in 5′ and 3′ RACE reactions. Rounds of nested PCR with the primers 3′ RACE USP nest 2 (5′-CATCGAAACAGTGCCCAA CAAGCCGGAGT-3′) and 5′ RACE USP nest 2 (5′-GCAG TACTGACAACGATTACGTTGACGC-3′) enriched for specific 5′ and 3′ RACE products that were cloned into the pCR-4-TOPO vector and sequenced, yielding the full-length cDNA sequence.
cDNA ORF clones for ScEcR-A, ScEcR-B, and ScUSP were generated using the Advantage-High Fidelity 2 PCR kit (Clontech) and ligated into the pBluescript SK− vector (Stratagene, La Jolla, CA, USA). The upstream primer for ScEcR-A was complementary to the non-coding strand, and contained an EcoRI site (underlined) just upstream of the ATG start codon (in bold) (5′ -GGCACGAATTCATTTGTGTCATGTT TCGTTTAAATACATC-3′). The upstream primer for S c E c R -B w a s ( 5 ′ -G G C A C G A AT T C A A G A C AT TAAAAATGAAGCGTCGTTGG-3′) and also included an EcoRI site. The downstream primer for both ScEcR-A and ScEcR-B (5′-GTAAGGATCCGCTT CGGTTCGTTCTGGAGG-3′) was the same and contained a BamHI restriction site (underlined). The upstream primer for ScUSP contained a KpnI site (underlined) (5′-GCGGGGTACCAAATGTTGAAAA AAGAAAAACCAATGTTG-3′) for cloning. The downstream primer for ScUSP (5′-GGTCCGGATCCTC CAAATGCTTATCACCAATCAGTTCTAA-3′) contained a BamHI site (underlined). The resulting PCR products were cloned into pBluescript SK− and sequenced.
Real-time PCR
Total RNA was isolated from frozen whole larvae or pupae, using 15-20 animals per developmental stage (PES through LP) with the Purescript RNA Isolation Kit from Gentra Systems (Minneapolis, MN, USA). Reverse transcription was performed using Superscript II RNase H− reverse transcriptase (Invitrogen, Carlsbad, CA, USA) with 1 μg of RNA using random hexamers. Primers specific to ScEcR-A (5′-CAACCGTTGGGTAGCGTGTT-3′ and 5′-ACCACT CACACTAATTGCATCCA-3′), ScEcR-B (5′-GTTGGA AGTGGTTCTTGAAACGAC-3′ and 5′-GCCGGTTGCG ACTATAATAAACAG-3′), and ScUSP (5′-GAGTACCTA GATGCGGAACGTACA-3′ and 5′-GCTCGTCGATC TATCGAACCATCT-3′) or the S. coprophila 18S ribosomal R N A ( u n p u b l i s h e d s e q u e n c e ) g e n e ( 5 ′ -C T G T CCTCGGATTAGGAAATGTGC-3′ and 5′-CTAGAGC GAACACGCCGATAATAC-3′) were used to perform real-time PCR with the ABI Prism 7700 Sequence Detection System (Applied Biosystems, Foster City, CA, USA). The relative expression of each mRNA normalized against 18S rRNA was calculated using a spreadsheet built in Microsoft Excel.
Competitive RT-PCR
Competitive PCR experiments were performed essentially as described in Watzinger et al. (2001) . PCR fragments (∼300 nt) specific to ScEcR-A, ScEcR-B, and 18S rRNA were generated and ligated into pBluescript II KS+ (Stratagene, La Jolla, CA, USA). Gene-specific internal standards were generated by designing primers complimentary to 20 nt of pBluescript plasmid DNA as well as the cloned fragment in both forward (ScEcR-A: 5′-CCAGCTCAC-CAACAGCATTCGCGCTATTACGCCAGCTGG-3′; ScEcR-B 5′-CGTCGTTGGTCAAATAATGGCGCTAT-TA C G C C A G C T G G -3 ′ ; 1 8 S r R N A : 5 ′ -G G AT-TACCTTGGTTGCAACGCGCTATTACGCCAGCTGG-3′) and reverse (ScEcR-A: 5′-GGTGAGGATAGCCAGT-CATCGGCAATTAACCCTCACTAAAGG-3′; ScEcR-B: 5′-CGTTATTCATCGACGGTAACGGCAATTAACCCT-CACTAAAGG-3′; 18S rRNA: 5′-GGACAGGAAGTAA-GACAAGGGCAATTAACCCTCACTAAAGG-3′) primers. PCR products were gel-purified using the Qiaquick gel extraction kit (Qiagen, Valencia, CA, USA). Total RNA was extracted from staged salivary glands using TRIzol (Invitrogen), and reverse transcription was performed on 5 μg of total RNA using the iScript cDNA amplification kit (Bio-Rad, Hercules, CA, USA). Each competitive PCR was performed in triplicate with the following primers: forward (ScEcR-A: 5′-CCAGCTCACCAACAGCATTCG-3′; ScEcR-B: 5′-CGTCGTTGGTCAAATAATGG-3′; 18S rRNA: 5′-GGATTACCTTGGTTGCAACG-3′); reverse (ScEcR-A: 5′-GGTGAGGATAGCCAGTCATCG-3′; ScEcR-B: 5′-CGTTATTCATCGACGGTAACG-3′; 18S rRNA: 5′-GGACAGGAAGTAAGACAAGG-3′). The substantial correspondence between the results obtained by real-time PCR and competitive PCR ( Fig. 5b-d ) validate the use of 18S rRNA as a control for real-time PCR.
In situ hybridization
Chromosome squashes and in situ hybridizations were carried out following the methods described by Schmidt (1992) . Probes for the coding sequence for ScEcR-A and ScEcR-B were obtained by digesting pBS-EcR-A or pBSEcR-B with EcoRI and BamHI. A probe for the coding sequence for ScUSP was isolated from pBS-ScUSP by digestion with KpnI and SacI. These fragments were gel purified, and 1 μg of purified fragment was labeled using the FITC-High Prime kit (Roche; Basel, Switzerland). After the final wash, FITC signal was amplified using the Alexa Fluor 488 Signal-Amplification Kit for Fluorescein and Oregon Green Dye Conjugated Probes (Invitrogen). Slides were incubated with 40 μl rabbit α-FITC Alexa 488 Ab (1:50) for 2 h at 37°C and washed twice in PBT (1X PBS, 10 ng/ml bovine serum albumin, 0.2 % Tween 20) for 5 min.
Next, slides were incubated with 40 μl sheep α-rabbit Alexa 488 conjugated Ab (1:50) and washed twice with PBT. Finally, the chromosomes were counterstained with 4′,6′-diamidino-2-phenylindole (DAPI) (5 μg/ml) for 10 min in PBS (137 mM NaCl, 2.7 mM KCl, 10 mM Na 2 HPO 4 , 2 mM KH 2 PO 4 , pH7.5) and then mounted with Vectashield (Vector Laboratories; Burlingame, CA, USA). Images were collected on a Nikon Epifluorescent microscope with a Hamamatsu CCD camera and processed using the Metamorph software (Molecular Devices; Sunnyvale, CA, USA).
Antibody production and affinity purification cDNAs encoding the unique N-terminal domains of ScEcR-A and ScEcR-B were ligated into the pGEX-5X-3 (GE Healthcare, Piscataway, NJ, USA) vector. This allowed us to express glutathione-S-transferase fused in frame to the amino-terminal ends of the unique domains of ScEcR-A and ScEcR-B. To engineer these fusions, PCR primers were designed to amplify the sequences of ScEcR-A and ScEcR-B that were not common to each other. The upstream primer for ScEcR-A was complementary to the noncoding strand, and it contained a BamHI site (underlined) just upstream of the ATG start codon (in bold) (5′-GGCAGGGATCC-CAATTTGTGTCATGTTTCGTTTAAAT-3′). The downstream primer for ScEcR-A (5′-CGACTGAATTC ACGTTATATTTTGCCATTCGGACTGTATGG-3′) was complementary to the coding strand. The underlined EcoRI site was included for cloning purposes. The upstream primer and downstream primer for ScEcR-B were 5′-GGCAG GGATCCAGACATTAAAAATGAAGCGTCGTTGG-3′ and 5′-CGACTGAATTCACGTTATGATATTGAGT TGGCCGATGTGC-3′, respectively. The resulting PCR products were digested with EcoRI and BamHI and then ligated into the pGEX-5X-3 vector at the respective restriction sites. The EcoRI site in the upstream PCR primers was positioned such that the ATG start codon was in frame with the sequences that encode GST. Using protocols suggested by Clontech, the GST-fusions of ScEcR-A and ScEcR-B were isolated via Glutathione Uniflow Resin (Clontech). Antibodies were produced in New Zealand White rabbits by standard procedures. Antibodies against ScEcR-A and ScEcR-B were affinity-purified using Affigel-10 according to Bio-Rad. GST-fusion proteins isolated from glutathione resin were dialyzed overnight in 100 mM MOPS pH7.5 and then CaCl 2 was added to 80 mM. The protein solution was added to washed Affigel-10 and mixed gently for 2 h at 4°C. The Affigel-10 was washed 2X with coupling buffer (100 mM MOPS, pH7.5), 2X with elution buffer (100 mM glycineHCl, pH2.5), and 2X with PBS. Crude antiserum was heatinactivated at 56°C for 30 min before passing through the Affigel-10 column. Heat-inactivated antiserum was mixed with the freshly washed Affigel-10 for 1 h at 4°C. Purified antibodies were eluted in 800-μl fractions into tubes containing 200 μl 1 M Tris, pH8.0. In order to remove any antibodies directed against the GST moiety of the fusion proteins, the heat-inactivated serum was first incubated with Affigel-10 coupled with GST alone. Antibodies were stored at 4°C in PBS with 10 % glycerol.
For more sensitive protein expression studies, such as immunofluorescence, a new ScEcR-A antibody of higher titer was produced by cloning the unique ScEcR-A 5′ nucleotide sequence (described above) into the pTYB11 vector of the IMPACT-CN system (New England BioLabs). pTY-BII/ScEcR-A plasmids were transformed into ER2566 cells for large-scale expression of the fusion protein according to the manufacturer's instructions. The resulting fusion protein consisted of a self-cleavable intein protein fragment fused to the N-terminus of the ScEcR-A amino acid sequence. The self-cleavable intein tag also contained a chitin-binding domain for ease of fusion protein purification on a chitin column. After binding the fusion protein to the column, addition of 50 mM DTT caused self-cleavage of the intein moiety, and the ScEcR-A N-terminal fragment was eluted off the column. This fragment was subsequently sent to CoCalico (Reamstown, PA, USA) for rabbit antibody production. Antisera were collected and purified with Protein-G-Agarose (Sigma). The antibody preparation was then affinity purified with Affi-Gel 10 Activated Affinity Media (Bio-Rad) coupled to the ScEcR-A-specific protein fragment eluted during the Intein/ScEcR-A cleavage reaction. αScEcR-A antibody was eluted from the Affi-Gel under acidic conditions according to the protocol supplied by Bio-Rad.
Western blotting
Ten to fifteen whole animals of all stages were lysed in 300 μl detergent solution (10 mM Tris-HCl, pH 7.4, 10 mM EDTA, 1 % NP-40, 0.4 % sodium deoxycholate, and a 1:100 dilution of Protease Inhibitor Cocktail from Sigma) using Teflon microfuge pestles in 1.5 ml microfuge tubes. The lysates were centrifuged at 12,000×g for 10 min at 4°C and the supernatants stored at −80°C. Protein concentrations of the extracts were determined by the Dc protein assay kit (Sigma). Extracts equivalent to 500 μg total protein were separated by SDS-PAGE (10 % acrylamide), then transferred to nitrocellulose membrane (Hybond H+, GE Healthcare). The membranes were blocked in PBS-T (phosphate buffered saline, 0.5 % Tween) containing 5 % w/v nonfat dry milk for 1 h then incubated with affinity purified rabbit polyclonal antibody against ScEcR-A or ScEcR-B (1:500) in 10 ml of PBS-T containing 5 % w/v nonfat dry milk (Sanalac). The membranes were then incubated with donkey anti-rabbit IgG (1:3,000) in 10 ml total volume (Sigma). Bound antibody was detected with the ECL Western Blotting Analysis System (GE Healthcare).
Immunofluorescence
Immunostaining of polytene chromosomes from developmentally staged Sciara salivary glands with affinity purified polyclonal antibody against ScEcR-A was performed according to Zink et al. (1991) with modifications as described in Liew et al. (2013) .
Results

Sciara EcR and USP sequence analysis
An internal EcR fragment was generated from Sciara total RNA isolated from puff stage (12x6 and 14x7) salivary glands by RT-PCR using degenerate primers designed to the evolutionarily conserved DNA-binding and ligandbinding domains of the ecdysone receptor (Koelle et al. 1991) . Sequencing confirmed that this 371-bp PCR fragment was related to other EcR superfamily members. It was subsequently used to design primers for 5′ and 3′ rapid amplification of cDNA ends (RACE). Two distinct but related cDNAs of 3,398 and 3,198 nt were obtained (Fig. 1) . Both cDNAs contained AUG-initiated open reading frames (ORF) of 1,833 and 1,626 nt, respectively, which share ∼72 % sequence identity. BLAST analysis revealed that these ORFs were closely related to Drosophila EcR-A and EcR-B1 (Koelle et al. 1991; Talbot et al. 1993) (Fig. 2) and were subsequently named ScEcR-A (GenBank accession No. GQ427082) and ScEcR-B (GenBank accession No. GQ427083), respectively. No cDNA homologous to Drosophila EcR-B2 was identified, suggesting that this isoform is specific to Drosophila (Talbot et al. 1993 ). Both Sciara EcR cDNAs begin with a 5′ UTR and terminate in a poly(A) tail indicating that both contain complete transcripts. Variation between the two isoforms lies exclusively within the 5′ region of the cDNA, spanning both the 5′ UTR and part of the ORF (Fig. 1) . The 5′ UTRs are of comparable length, 411 and 418 nt, respectively, but differ from each other in sequence, exhibiting considerable unique sequence identity for each isoform.
ScEcR-A is predicted to encode a 610-amino acid protein and ScEcR-B to encode a protein of 541 amino acids with predicted molecular weights of about 68.2 and 60.7 kDa, respectively (Fig. 2a, b) . The two isoforms share common central and C-terminal regions (436 amino acid residues) corresponding to the DNA-and ligand-binding domains characteristic of the steroid receptor superfamily. Multiple sequence alignments (Clustal X) of the predicted ScEcR-A (Fig. 2a) and ScEcR-B (Fig. 2b) protein sequences with a number of other insect EcR protein sequences demonstrated evolutionary conservation of both the DNA-binding and ligand-binding domains within the order Diptera and across several other insect phylogenic orders. However, the Ntermini (corresponding to the A/B domain that contains the transcription activation function, AF-1) are distinct between the two isoforms. Alignments revealed that the N-termini do not display significant similarity to one another or to other EcR protein sequences in the database (Fig. 2a, b and data not shown). Phylogenetic trees derived from the Clustal X alignments indicated that the Sciara EcRs cluster with other lower dipterans including C. tentans and species of the genus Aedes (Online Resource 1).
Because the functional ecdysone receptor is known to be a heterodimer of the EcR and USP proteins (Yao et al. 1992 (Yao et al. , 1993 Thomas et al. 1993) , we also cloned the cDNA for Sciara USP. 5′ and 3′ RACE reactions generated a single unique cDNA of 1,883 nt (Fig. 3a) , which contained a 5′ and 3′ UTR with the latter ending in a poly(A) tail (GenBank accession No. GQ427084). The cDNA contained an AUG-initiated ORF of 1,344 nt which is predicted to encode a protein of 447 amino acids with a predicted molecular weight of about 50.4 kDa. Blast analysis revealed that this protein was closely related to Drosophila USP and was subsequently named ScUSP. Multiple sequence alignments to other USP sequences in the database (Clustal X) demonstrated a high degree of conservation in the DNA-binding domain with less conservation in the ligand-binding domain of the protein (Fig. 3b) . The phylogenetic tree derived from these alignments indicated that ScUSP clustered with other lower dipterans including C. tentans and two genus of mosquito (Aedes and Anopheles) (Online Resource S2).
In situ hybridization was performed on larval salivary gland chromosomes to localize the ScEcR and ScUSP genes in the Sciara genome. Using probes specific to the unique 5′ sequences showed that both ScEcR-A (Fig. 4a-c) and ScEcR-B (Online Resource 3c) localize to the same cytological position at locus 12A on chromosome IV, corresponding to a minor DNA puff (Gabrusewycz-Garcia 1964 . These results are consistent with the possibility that ScEcR-A and ScEcR-B may be splice variants from the same transcription unit, with the variation between them residing only in the 5′ region. Alternatively, ScEcR-A and ScEcR-B could have resulted from a gene duplication at locus 12A. In situ hybridization on larval polytene chromosomes demonstrated that the ScUSP gene also resides on chromosome IV, located at cytological position 10A (Fig. 4d-f) , which corresponds to an RNA puff (Liew et al., 2013) .
ScEcR and ScUSP mRNA expression through Sciara larval development
The developmental profile of ScEcR-A and ScEcR-B gene expression was determined by real-time RT-PCR using primers specific to the unique A/B domain of each isoform on total RNA isolated from whole larvae or salivary glands at different stages of development. Sciara 18S rRNA (unpublished sequence) was used as a normalization control. In whole larvae, ScEcR-A and ScEcR-B expression (relative to the pre-eyespot stage, PES) did not vary significantly throughout development with ScEcR-A demonstrating only a slight (∼1.5-fold) increase in amount during the mid-larval (Fig. 5a, stages 10x5 and 12x6) . ScEcR-A levels rise again in mid-and late-pupae. In the salivary glands, ScEcR-B expression was similar to whole larvae showing very little change in abundance over time (Fig. 5b) . However, ScEcR-A showed a pronounced increase in salivary glands (∼8-fold) at stage 10x5 (when DNA amplification begins at the II/9A locus), then drops somewhat at the 12x6 stage and returns to the earlier pre-eyespot stage level by 14x7. The level of ScEcR-A then rises again during the pre-pupal edge-eye (EE) stage (∼8-fold). Expression of ScUSP did not vary much in the whole organism (Fig. 5a) , rising a little at the EES stage and then falling to about half the expression of the PES stage by 14x7 before rising modestly again at the EE stage.
Similar results for the expression of ScEcR-A and ScEcR-B in salivary glands were obtained by competitive PCR (Fig. 5c, d ). The data in Fig. 5c are expressed as absolute values, while the data in Fig. 5d were normalized against the expression level of 18S rRNA (determined by competitive PCR) and are expressed relative to the PES stage. As can be seen, very little ScEcR-B is expressed, in absolute terms, in the salivary glands at all the developmental stages examined. In contrast, expression of ScEcR-A varied considerably, displaying a marked rise in expression at the 10x5 stage (corresponding to the onset of DNA puff amplification), which persisted through the 12x6 stage and falling off by the 14x7 stage. Overall, the developmental profiles of ScEcR expression were comparable between the real-time PCR and competitive PCR experiments, with ScEcR-A levels rising 6-8-fold at DNA amplification stage (10x5).
ScEcR-A and ScEcR-B protein expression during Sciara larval development
We produced isoform-specific antisera that recognized the unique N-terminal A/B domain of Sciara ScEcR-A and ScEcR-B proteins to use in subsequent protein expression studies. Immunoblots of either purified GST-ScEcR-A and GST-ScEcR-B fusion proteins or purified N-termini eluted from chitin columns after intein cleavage confirmed the specificity of each isoform-specific antisera. Fusion protein immuno-analysis demonstrated that the purified antisera were isoform-specific as αGST-ScEcR-A did not recognize GST-ScEcR-B fusion protein and vice versa (Online Resource 3a). In whole animal immunoblots, αGST-ScEcR-A detected a band of ∼68 kD and αGST-ScEcR-B detected a band of ∼61 kD (Fig. 6a, b) corresponding to their theoretical molecular weights.
Total protein was extracted from developmentally staged Sciara. Equal amounts of protein extract from whole animals (500 μg) or salivary glands (50 μg) were applied to SDS-PAGE and subjected to Western blot analysis using ScEcR-A-or ScEcR-B-specific antiserum. In whole animal immunoblots probed with αGST-ScEcR-A antiserum (Fig. 6a) , faint ScEcR-A expression was initially detected at amplification stage (10x5; this signal is difficult to see in Fig. 6a , but was detectable on longer exposures, data not shown). Protein levels of ScEcR-A increased slightly through amplification stage (12x6), peaking at transcription stage (14x7). ScEcR-A protein decreased in late larval life followed by a second peak of expression during the early and mid pupal stages. Whole animal immunoblots probed with αGST-ScEcR-B antiserum did not reveal detectable protein expression of ScEcR-B until a weak signal at DNA puff transcription stage (14x7; Fig. 6b ). ScEcR-B protein levels increased slightly through the next three stages of development with maximal expression occurring during mid-pupation. However, overall, the ScEcR-B protein levels were very weak, consistent with the negligible ScEcR-B mRNA levels. Western blots of salivary gland protein using αScEcR-A affinity purified antiserum (Fig. 6c) showed detectable protein expression of ScEcR-A protein at the initiation of DNA puff amplification (stage 10x5), rising slightly through amplification stage (12x6) and peaking during the transcription stage (14x7), comparable to the expression observed in the whole animal. Western blots using the αGST-ScEcR-B antibodies did not detect any specific signal in salivary glands (Online Resource 3b).
Immunofluorescence of ScEcR-A on Sciara polytene chromosomes
In order to visualize where the ecdysone receptor binds across the genome, we performed immunofluorescence for ScEcR-A on larval salivary gland polytene chromosomes using an affinity purified αScEcR-A antibody [since the ScEcR-A isoform predominates in the larval salivary gland (see above)]. As can be seen in Fig. 7 , when DNA puff mRNA expression is maximal (14x7 stage) in the salivary glands, ScEcR-A localized to Fig. 2 EcR multiple sequence alignments. a ScEcR-A primary protein sequence alignment with EcR sequences of insects within the order Diptera, Sc Sciara coprophila, Ct Chironomus tentans (Imhof et al. 1993) , Dm Drosophila melanogaster (Talbot et al. 1993) , Aa Aedes aegypti (Wang et al. 2002) , and the orders of Lepidoptera, Cf Choristoneura fumiferana (Kothapalli et al. 1995; Perera et al. 1999) , and Orthoptera, Lm Locusta migratoria (Saleh et al. 1998 ). b ScEcR-B primary protein sequence alignment with EcR sequences of insects within the order Diptera, Sc S. coprophila, Dm D. melanogaster (Koelle et al. 1991) , Aa A. aegypti (Kapitskaya et al. 1996) , and the orders of Lepidoptera, Cf Choristoneura fumiferana (Kothapalli et al. 1995; Perera et al. 1999) and Coleoptera, Tm Tenebrio molitor (Mouillet et al. 1997) . Conserved DNA-and ligand-binding domains are indicated by black and red brackets, respectively. For both panels, orange=G, P, S, T; red=H, K, R; blue=F, W, Y; green=I, M, L, V many sites throughout the genome, including all of the DNA puffs and many of the RNA puffs as well as many sites for which a function is unknown. This pattern of localization is consistent with the role of ecdysone and the ecdysone receptor as a general regulator of development. Fig. 3 Sciara USP cDNA sequence and multiple sequence alignment. a The full-length cDNA clone of Sciara USP was obtained by RACE and sequenced. The underlined sequence indicates the ScUSP ORF. b ScUSP primary protein sequence alignment with USP sequences of insects within the order Diptera, Sc Sciara coprophila, Dm Drosophila melanogaster (Oro et al. 1990 ), Aa Aedes aegypti (Kapitskaya et al. 1996) , Ct Chironomus tentans (Vögtli et al. 1999) , and from the order Lepidoptera, Cf Choristoneura fumiferana (Perera et al. 1998) and Orthoptera, Lm Locusta migratoria (Hayward et al. 2003) . Black brackets indicate the conserved DNA binding domain. Colors are the same as in Fig. 2 Discussion Sciara cDNA and protein structure and phylogenetic comparisons
In this study, we have cloned and sequenced the gene for two EcR isoforms, ScEcR-A and ScEcR-B (Fig. 1) as well as the heterodimer partner, ScUSP (Fig. 3) , using a cDNA library constructed from salivary glands of the fungus fly, S. coprophila. Through sequence analysis, we showed that the transcriptional activation region, AF-1, of Sciara EcR maintains the sequence diversity observed in other dipteran insects as both the sequence content and nucleotide number demonstrate variability within the 5′ region of both Sciara EcR isoforms. ScEcR-A and ScEcR-B are predicted to encode two different proteins with distinct N-terminal sequences of 174 and 105 amino acid residues and share a common C-terminus of 436 amino acids that contains the DNA-and ligand-binding domains characteristic of the superfamily of steroid receptors. The exact identity of this C-terminal domain (Fig. 1) and the observation that both isoforms map to the same cytogenetic location by in situ hybridization (Fig. 4) strongly suggest that the two isoforms are mRNA splice variants with identical DNA-and ligand-binding domains but with different N-terminal transcriptional activation domains. An alternative explanation is gene duplication followed by mutation to produce the two EcR isoforms. Multiple sequence alignments of the predicted Sciara EcR-A and EcR-B protein sequences with a number of other insect EcR protein sequences demonstrated that both the DNA-and ligand-binding domains were evolutionarily conserved within the order Diptera and across several other insect phylogenic orders (Fig. 2) . The isoform-specific Nterminal regions do not display significant similarity to one another or to other EcR protein sequences in the database.
ScEcR expression and DNA amplification
We have shown previously by culturing salivary glands with ecdysone and injection of ecdysone into pre-amplification stage larvae that the well-studied developmental regulator, the steroid hormone ecdysone, triggers DNA amplification in Sciara larval salivary glands (Foulk et al. 2006) . Both the mRNA and protein expression data reported here are consistent with a role for the A-isoform of ScEcR in regulating this developmental process. In the salivary glands, we observed very little change in the expression of ScEcR-B mRNA by real-time PCR (Fig. 5b) , and competitive PCR indicated that salivary glands only express ScEcR-B at very low absolute levels (Fig. 5c) . Moreover, Western blot analysis failed to detect a specific signal for ScEcR-B, suggesting it is not the predominant isoform in the salivary gland, corroborating an earlier observation that only αDmEcR-A antibodies caused a supershift in gel shift assays performed with salivary gland nuclear extracts (Foulk et al. 2006 ). In the whole animal, expression of ScEcR-B protein was not seen until the onset of pupation, and even then only faintly, suggesting a potential role in the developing adult tissues. In contrast, the levels of ScEcR-A protein clearly increase in the salivary glands (Fig. 5b-d) . This is an interesting Fig. 4 In situ hybridization of ScEcR-A and ScUSP. a-c In situ hybridization of ScEcR-A to salivary gland polytene chromosomes. d-f In situ hybridization of ScUSP to salivary gland polytene chromosomes from two adjacent squashed nuclei. a, d Merged DAPI and FITC images. DAPI-stained chromosomal DNA is pseudocolored red. FITC signal corresponding to either ScEcR-A or ScUSP in situ hybridization is in green. The cytological position is indicated. b, e DAPI-stained chromosomal DNA. c, f Higher magnification image of the DAPI-stained chromosomal DNA of the region showing in situ hybridization used to finely map the cytological position observation because it has been shown in Drosophila that the B-isoform of EcR predominates in larval tissues and the A-isoform in the adult (Talbot et al. 1993) , suggesting that, through the course of divergence of the lower and higher dipterans, the functional roles of the EcR isoforms in the development of larval and adult tissues were swapped.
DNA puff amplification begins at eyespot stage 10x5 and continues through the 14x7 stage when a burst of transcription occurs at the amplified locus . Expression of either isoform of ScEcR was not observed in salivary glands before the 10x5 stage in developing fourth instar larvae. mRNA expression of ScEcR-A increased markedly at the 10x5 stage (Fig. 5b) , and the protein began to increase in both the whole animal (Fig. 6a) and specifically the salivary glands (Fig. 6c) , consistent with a role for ScEcR-A in directing DNA puff amplification. ScEcR-A mRNA expression then tapered off returning to levels prior to DNA amplification by the 14x7 stage before rising rapidly again at pupation. It has been suggested, but not formally proven, that ecdysone can induce the expression of the ecdysone receptor in Drosophila (Koelle et al. 1991; Karim and Thummel 1992) . The mRNA expression profile in Sciara is consistent with this idea. Although the levels of ecdysone have not been studied in Sciara, they have been determined in a closely related species, Rynchosciara americana, which also undergoes developmentally regulated DNA puff amplification (Stocker et al. 1984) . In Rynchosciara, ecdysone titers rise moderately just prior to the onset of DNA puff amplification, then fall off before spiking dramatically again prior to pupation. The protein expression of ScEcR-A is reminiscent of this pattern, rising at DNA amplification stage then falling off before rising again as the larvae enter pupation. Moreover, the cytological location of the ScEcR genes at IV/12A corresponds to a DNA puff that binds figure: PES=pre-eyespot; EES=early-eyespot; 10x5= 10x5 eyespot; 12x6=12x6 eyespot; 14x7=14x7 eyespot; EE=edge-eye; EP=early pupae; MP=mid-pupae; LP=late pupae. b Real-time RT-PCR. RNA was extracted from salivary glands at the indicated developmental stages and reverse transcribed. Isoform-specific primers for ScEcR-A and ScEcR-B were used to analyze the change in mRNA levels relative to pre-eyespot mRNA expression via real-time RT-PCR. Sciara 18S rRNA expression was used as a normalization control.
c Competitive RT-PCR. Total RNA was extracted from salivary glands at each of the indicated developmental stages and reverse transcribed. Isoform-specific primers for ScEcR-A and ScEcR-B were used to analyze the concentration of ScEcR-A and ScEcR-B mRNA by competitive PCR using an internal standard of known concentration specific for either the ScEcR-A or ScEcR-B primers. The analysis was repeated in triplicate using freshly extracted total RNA for each experiment. The data is expressed as an absolute value of ScEcR-A and ScEcR-B mRNA in femtogram per microliter. d Competitive RT-PCR. Sciara 18S rRNA-specific primers were used to analyze the concentration of 18S rRNA in each of the salivary gland RNA extractions described above via competitive PCR using an internal standard of known concentration specific for Sciara 18S rRNA primers. mRNA expression for ScEcR-A and ScEcR-B were normalized to the 18S rRNA expression of the appropriate developmental stage. The data is expressed relative to PES stage ScEcR-A (Liew et al., 2013) in late fourth larval instar salivary glands.
ScEcR-A protein continued to accumulate, reaching maximal expression at the 14x7 stage in both whole animals and salivary glands (Fig. 6) , coinciding with the burst of DNA puff transcription from the II/9A locus . However, the ScEcR-A mRNA returned to preamplification levels by the 14x7 stage ( Fig. 5b-d) . This observation suggests that the ScEcR-A protein is especially long-lived, accumulating through the 14x7 stage. Nonetheless, the protein would need to be rapidly degraded after the 14x7 stage because very little signal remains in edge-eye larvae. Alternatively, translational control of the mRNA could be stricter at earlier stages (10x5) but is relaxed as the larvae approach the 14x7 stage so that more protein is produced even though less mRNA is available. In either case, ScEcR-A protein levels are abundant in the cell at the 14x7 stage. As seen in Fig. 7 , ScEcR-A binds to multiple loci throughout the genome, consistent with its role as a general regulator of development. In particular, the cell would require large amounts of the receptor to bind to these loci, considering that the genome is polytenized. Moreover, ScEcR-A is expected to bind to the amplified DNA puff loci since transcription from the genes at these loci is regulated by ecdysone (Bienz-Tadmor et al. 1991) . ScEcR-A immunofluorescence at this stage shows that the receptor binds throughout the expanded puffs (see especially chromosome II in Fig. 7) . The fact that DNA amplification at the II/9A locus alone results in about 140,000 copies per polytene nucleus underscores the necessity for a large amount of ScEcR-A at the 14x7 stage.
Is ScEcR-A an amplification factor?
The results presented here place ScEcR-A in the salivary glands at the right time to play a role in amplification. Moreover, immunofluorescence experiments place it at DNA puff amplification loci at the 10x5 stage when DNA amplification occurs, prior to transcription (Liew et al., 2013) . However, several questions still remain. For example, ecdysone has been shown to induce both DNA amplification and transcription at the DNA puff II/9A locus (Bienz-Tadmor et al. 1991; Foulk et al. 2006 ), but amplification precedes transcription (10x5 stage and 14x7 stage, respectively) separated by about 48 h . How does ecdysone induce DNA amplification earlier than transcription at DNA puff loci ? The greater levels of ScEcR-A at the 14x7 stage could play a role in preferentially favoring transcription at this time. Another possibility could lay in the different EcREs at the origin (ORI) and the gene promoters. The identity of the binding sequence alters the structural conformation and response to ligand in a vertebrate nuclear hormone receptor, tailoring the response of the receptor at different target genes (Meijsing et al. 2009 ). Moreover, the presence of an EcRE increases binding of ecdysone by DmEcR and USP due to increased efficiency of heterodimerization (Azoitei and Spindler-Barth 2009) . Perhaps the different EcRE sequences at the ORI and promoters of the genes at the II/9A locus (Foulk et al. 2006) could lead to preferential activation of the ORI EcR complex at lower levels of ecdysone, followed by activation of transcription at the genes as the ecdysone titer rises.
However, these explanations appear to be less likely because RNA polymerase is loaded, though not yet active, at the promoter for gene II/9-1 at amplification stage (Lunyak et al. 2002) , suggesting that a functional EcR complex at the promoter is already in place, which can recruit RNA polymerase but that elongation of the transcript is prevented. Therefore, some mechanism must exist that inhibits transcription while allowing DNA amplification. A potential explanation lies in the gene expression hierarchy in response to ecdysone elucidated in Drosophila (Ashburner 1974) . Several "early genes" are induced by ecdysone. These "early genes" are predominantly transcription factors (Guay and Guild 1991; Koelle et al. 1992; Hurban and Thummel 1993; Stone and Thummel 1993; Fletcher and Thummel 1995a, b; Fisk and Thummel 1998; Gauhar et Equal amounts of developmentally staged Sciara whole animal protein extracts (500 μg) were electrophoresed, blotted, and immunostained with Sciara-specific (a) αGST-ScEcR-A or (b) αGST-ScEcR-B affinity purified antiserum. c Western analysis. Equal amounts of developmentally staged Sciara salivary gland protein extract (50 μg) were electrophoresed, blotted, and immunostained with Sciara-specific αScEcR-A affinity purified antiserum. The stage of development (same abbreviations as in Fig. 5 ) is indicated at the bottom of each figure al. 2009) that go on to repress their own transcription and induce the transcription of multiple "late genes" Segraves and Hogness 1990; Hock et al. 2000; Stowers et al. 2000) , which affect the larval-pupal transition (Ashburner 1975) . A similar mechanism could be at work in Sciara regulating the timing of amplification and transcription. Ecdysone signaling could induce the expression of early gene products, which repress transcription and/or that induce DNA amplification. These early genes would then go on to induce the expression of the late gene products that could relieve the transcriptional repression and/or provide a transcriptional activator while halting DNA amplification. We will use the tools developed in this work to further elucidate the nature of the DNA amplification mechanism.
Regulating developmentally programmed DNA amplification would be a novel role for the ecdysone receptor. Moreover, transcription factors in general have been increasingly implicated in controlling DNA replication. Viral transcription factors have been shown to directly recruit replication factors, such as the polyomavirus recruiting the viral large T antigen replication initiator complex with the AP1 transcription factor (Murakami et al. 1991; Ito et al. 1996 ) and the Epstein-Barr virus recruiting cellular ORC with the EBNA1 transcription factor Dhar et al. 2001 Schepers et al. 2001 Ritzi et al. 2003) . Many origins in Saccharomyces cerevisiae (autonomously replicating sequences, ARS) contain binding sites for transcription factors (Li et al. 1998; Hu et al. 1999; Kohzaki et al. 1999) including the B3 element of ARS1 which enhances ARS activity and is bound by the transcription factor, Abf1 (Mahrahrens and Stillman 1992). Interestingly, both the Sphase promoting transcription factor complex, E2F-Rb (Royzman et al. 1999; Bosco et al. 2001; Cayirlioglu et al. 2001 Cayirlioglu et al. , 2003 and the Myb transcription factor complex (Beall et al. 2002; Beall et al. 2004 ) have been implicated in regulating DNA amplification loci in Drosophila follicle cells.
Ecdysone activates key cell cycle genes, including Cyclin B, Cdc2, and Cyclin D in Drosophila midgut metamorphosis in an EcR-dependent manner (Li and White 2003) , and EcR can bind Cyclin D1, thereby influencing progression of the cell cycle, in a mammalian cell expression system (Betanska et al. 2009 ). Furthermore, ecdysone signaling may regulate S-phase progression by modulating Myc levels in Drosophila (Cranna and Quinn 2009; Delanoue et al. 2010) . Ecdysone signaling and EcR activation have been demonstrated to induce the switch from the endocycles, which amplify the entire genome, to site-specific DNA amplification in Drosophila follicle cells (Sun et al. 2008 ). In addition, genetic ablation experiments identified a role for the B1 isoform of DmEcR in DNA amplification in follicle cells (Hackney et al. 2007) , and USP has been shown to be necessary for eggshell formation as well as chorion gene amplification (Shea et al. 1990; Oro et al. 1992) . However, whether DmEcR-B1 and DmUSP play a direct role in inducing DNA amplification or whether their effect is indirect as a consequence of regulating transcription of cofactors needed for amplification remains unclear, although a match to the consensus EcRE was identified in the Amplification Control Element for the amplicon on Drosophila chromosome 3 (ACE3) (Hackney et al. 2007 ). These results are intriguing, and future studies should unravel the molecular details underlying how ecdysone and EcR drive DNA amplification.
